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A Araucaria angustifolia é um pinheiro nativo do Brasil, Paraguai e 
Argentina, que devido a exploração excessiva, fragmentação de habitats e 
outros fatores está em perigo de extinção. Esta árvore tem grande importância 
ecológica e nomeia todo o ecossistema a qual pertence, a Floresta com 
Araucaria. O objetivo desta dissertação foi de estimar a distribuição geográfica 
da espécie e potenciais alterações em decorrência dos efeitos das mudanças 
climáticas projetadas para o ano de 2050. Também buscou-se verificar se as 
unidades de conservação atuais serão eficazes, acomodando áreas de potencial 
distribuição no presente e em diferentes cenários futuros. A metodologia 
empregada se baseou na modelagem de nicho ecológico, com o algoritmo 
Maxent, uma técnica utilizada para estimar as condições favoráveis e projetar a 
distribuição geográfica baseando-se na correlação de dados empíricos sobre 
ocorrência de espécies com variáveis preditoras. Foi estimada a área de 
acessibilidade com modelos de dispersão e adequabilidade climática e foi 
realizada uma avaliação das incertezas das predições de distribuição. A espécie 
terá a área de distribuição potencial reduzida de 45 a 56% dependendo do 
cenário (SSP2-4.5 e SSP5-8.5). Além disso mais de 52,36% - 73,51% das 
unidades de conservação atuais não terão mais um clima adequado para a 
sobrevivência da espécie. A maior fonte de variação do modelo encontradas nas 
análises realizadas é de Modelos de Circulação Climática. As áreas de campos 
com presença de Araucária serão pouco afetadas pelas mudanças climáticas, 
tornando-se áreas em potencial para novas medidas de proteção para espécie. 
Como a espécie terá sua distribuição exclusiva para o Brasil, sugere-se esforços 
para preservação da espécie nos estados do Rio Grande do Sul e Santa 
Catarina. Paraná é o estado mais afetado e perde maior parte de sua área de 
distribuição no cenário mais pessimista.  
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Araucaria angustifolia is a native pine tree occurring in southern Brazil, 
Argentina and Paraguay, which due to overexploitation, habitat fragmentation 
and other factors is in currently critically endangered of extinction (IUCN). This 
tree has great ecological importance and names the entire ecosystem to which it 
belongs, the “Araucaria Forest”. The objective of this dissertation was to estimate 
the potential distribution of the species and possible changes due to the effects 
of climate change projected for the year 2050. It was also aimed to verify if the 
current protected areas will be effective in the future, accommodating areas of 
potential distribution in different future scenarios. The methodology used was 
based on ecological niche modeling, a technique used to estimate favorable 
conditions and project the distribution based on the correlation of empirical data 
on the occurrence of species with predictor variables. The algorithm used was 
Maxent. The accessibility area was estimated a with dispersion model and 
climatic suitability, and an evaluation of the uncertainties of the distribution 
predictions were made. The species will have its potential distribution range 
reduced in 45 to 56% depending on which scenario (SSP2-4.5 and SSP5-8.5). 
Furthermore, more than 52.36% - 73.51% of current protected areas will be no 
longer climatically suitable for the species. The biggest source of model variation 
according with the realized analysis is from Climate Circulation Models. 
Grasslands areas with the presence of Araucaria will not be highly affected by 
climate change, becoming crucial areas for new protection measures for the 
species. Since the distribution of the species will become exclusive to Brazil, 
efforts to preserve the species are suggested in the states of Rio Grande do Sul 
and Santa Catarina. Paraná is the most affected state and loses most of its 
distribution area in the worst scenario. 
 
Key words: Araucaria angustifolia – Ecological Niche modeling – Araucaria 
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As mudanças climáticas representam uma grande ameaça à 
biodiversidade e ao bem-estar humano, gerando preocupação em todo o mundo 
(IPBES,2018; PECL et al., 2017). A sinergia entre mudanças climáticas somadas 
às mudanças de uso da terra, aumentam o risco de extinção de muitas espécies 
e perda de diversos processos e serviços ecossistêmicos mundiais (FAO, 2010; 
PEREIRA, 2010; ZWIENER et al., 2018; WRIGHT, 2005). Ainda assim, 
projeções futuras indicam que as mudanças climáticas se tornarão cada vez 
mais intensas com o passar do século XXI (TORRES & MARENGO, 2014). 
O efeito de alterações climáticas já tem sido observado em uma variedade 
de grupos taxonômicos e funcionais (PARMESAN & YOHE, 2003). O aumento 
de temperatura pode impactar a distribuição de uma espécie, pois a temperatura 
é auto correlacionada no espaço, sendo que altitudes no nível do mar, ou abaixo, 
tenham condições de temperatura mais quentes, e condições mais frias em 
latitudes mais altas (LENOIR, et al., 2014). Muitas espécies estão expandindo 
sua distribuição em direção aos polos ou em regiões montanhosas em busca de 
climas mais amenos, e muitas podem se tornar vulneráveis ou serem extintas 
devido a diminuição de suas áreas de distribuição (BERGAMIN et al., 2019). 
De maneira geral, a distribuição geográfica de uma espécie é permeada 
por um conjunto de fatores complexos redigidos durante sua história evolutiva 
(BROWN et al., 1996). Os principais fatores são: (i) condições abióticas, (ii) 
bióticas, e (iii) fatores históricos e estocásticos representados por padrões 
espaciais de dispersão (CURRIE et al., 2004; SOBERÓN & PETERSON, 2005). 
O conjunto multidimensional de fatores abióticos favoráveis a manutenção de 
populações de uma determinada espécie compõem o seu nicho fundamental 
(HUTCHINSON, 1957). Regiões que apresentam as respectivas condições 
abióticas correspondem a distribuição geográfica potencial da espécie na 
ausência de outros fatores restritivos como interações entre espécies e barreiras 
à dispersão (COLWELL & RANGEL, 2009). As espécies podem responder de 
maneira diferenciada aos seus limites de tolerância, podendo ter a população 
limitada por uma atividade predadora de outro organismo, ou tem dispersão 
facilitada por um polinizador específico (BARVE et al., 2011).  
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As áreas protegidas (PAs) são um dos grandes pilares para a 
conservação da biodiversidade em todo o mundo e são fundamentais para as 
políticas de adaptação e mitigação das mudanças climáticas (ELSEN et al., 
2020; MAWDSLEY et al., 2009). PAs tem como objetivo de ajudar no 
amortecimento das mudanças nas condições ambientais, devem ser delimitadas 
a partir do rastreando de climas adequados que podem atuar como refúgios 
climáticos locais para espécies residentes (BELOTE et al., 2017; MAWDSLEY et 
al., 2009). Os locais das PAs são fixos e, conforme as mudanças climáticas, a 
eficácia de uma PA em manter as condições adequadas para a persistência de 
algumas espécies pode ser comprometida, prejudicando sua eficiência em 
garantir a persistência das espécies em longo prazo (ELSEN et al., 2020; 
HANNAH et al., 2007). Portanto, é primordial avaliar o papel do sistema de PAs 
na salvaguarda de condições adequadas para espécies ameaçadas de extinção. 
O julgamento crítico de sua eficácia em diferentes cenários de mudanças 
climáticas é decisivo para nortear as ações de gestão e políticas públicas 
(MACHADO et al., 2020; ZWIENER et al., 2017). 
Em relação às PA, é fundamental entender a distribuição geográfica das 
espécies sob diferentes cenários ambientais para predizer sua adequabilidade 
no futuro, a fim de orientar os esforços de conservação em direção à sua 
persistência a longo prazo. Nesse sentido, a Modelagem de Nicho Ecológico 
(ENM) pode ajudar a desvendar como as mudanças climáticas futuras 
impactarão a distribuição da espécie abrangidas em PAs a partir da realização 
de previsões estatísticas de possíveis áreas de presença da espécie.  
A ENM consiste em estimar a distribuição potencial da espécie, 
baseando-se na combinação de dados empíricos sobre ocorrência de espécies 
com variáveis preditoras, de forma a estabelecer um modelo estatístico 
(SOBERÓN & PETERSON, 2005). Uma vez estabelecido o ajuste, é possível 
estimar a distribuição em diferentes locais e/ou tempos (ANDERSON et al, 
2003).   
 A Araucaria angustifolia (Bertol.) Kuntze - Araucariaceae (também 
conhecida como “Pinheiro-do-Paraná”) é uma espécie com grande valor 
ecológico, econômico e cultural, que se mantem classificada como “Criticamente 
em perigo” pela Lista Vermelha de Espécies Ameaçadas da União Internacional 
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para a Conservação da Natureza (IUCN) e “Em perigo” pela Lista Nacional Oficial 
de Espécies da Flora Brasileira Ameaçada de Extinção (MMA, 2014). 
Considerada a conífera nativa de maior importância econômica no Brasil, possui 
grande valor social, pois, além da sua extração em massa no período colonial 
brasileiro e do grande consumo regional de suas sementes (fatos que a 
colocaram no caminho da extinção), também foi um dos elementos utilizados 
para iniciar o Movimento Paranista no início do século XX, que tem como objetivo 
a construção de uma identidade regional paranaense. (CARVALHO & LAVERDI, 
2015). A imagem da árvore e sua semente é utilizada em todo o estado, 
principalmente na capital, em adornos decorativos, tornando-a um símbolo 
regional (CARVALHO & LAVERDI, 2015).  
O Pinheiro-do-Paraná ocorre no sul e sudeste do Brasil e no norte da 
Argentina, em uma área de aproximadamente 200.000 km². Contudo, devido ao 
extrativismo pela madeira e semente, a distribuição da espécie foi extremamente 
afetada, ocupando de 5 a 12% da área de distribuição natural original (ADAN et 
al., 2016).  
Há estudos que indicam que a Floresta com Araucária se expande dentro 
de refúgios e áreas ribeirinhas nos biomas de Pampas, no Rio Grande do Sul, 
em um processo recente que se iniciou 4000 anos atrás, provavelmente em 
resposta à procura de um clima mais úmido. (BEHLING, 2002). 
Nesse contexto, o presente estudo teve como objetivos: (i) estimar a 
distribuição geográfica da Araucária no presente e em cenários climáticos futuros 
(2050); (ii) avaliar e apresentar visualizações espacialmente explícitas da 
incerteza do modelo; (iii) avaliar as mudanças da distribuição potencial da 
espécie dentro das PAs. 
Esperamos que a distribuição da Araucária seja principalmente 
influenciada pela precipitação, solo e fatores topográficos associados ao 
microclima. Outra expectativa é que a Araucária retraísse sua distribuição em 
geral, mas mantivesse áreas climáticas estáveis no sul do Brasil. Além disso, 
esperávamos que apenas uma pequena porcentagem da distribuição potencial 
esteja dentro das PAs e que essas áreas se tornem ainda menos eficazes em 
cenários futuros. Mais especificamente, também: (1) comparamos a contribuição 
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relativa dos fatores ambientais e as mudanças atuais no uso da terra para os 
padrões de distribuição; (2) avaliar a importância relativa das variáveis e 
configurações de parâmetros para as previsões do modelo; e (3) explor as 
mudanças na adequação ambiental entre as localidades das populações 
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● Araucaria angustifolia may respond to climate change with a reduction of 
45% to 56% in its potential distribution. 
● 52-74% of the potential distribution may no longer be within protected 
areas in 2050. 




Araucaria angustifolia is a Critically Endangered pine tree of great ecological, 
economic and cultural importance. Using Ecological Niche Modeling we 
estimated its distribution in the present and future scenarios (2050), assessed 
sources of uncertainties, and evaluated the effectiveness of protected areas. For 
this, we generated and compared 11,484 models with different combinations of 
variables and parameters. The final model included variables related to climate, 
soil and topography. The potential distribution of Araucaria was estimated to be 
489.8 x10³ km², with a reduction in 2050 from 45% to 56% depending on the 
scenario (SSP2-4.5 and SSP5-8.5). When considering the reduction within 
remaining habitats, estimates ranged from 27% to 40%. Combined, current 
habitat availability and climate change constraints accounted for a reduction from 
66% to 72% of the overall potential distribution. In addition, 52-74% of the 
potential distribution may no longer be within protected areas in 2050. We show 
that estimates of A. angustifolia distribution in the future are variable and 
dependent on climate projections and scenarios, however, the potential 
distribution in natural grasslands may remain stable. Coordinated actions 
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involving protection and restoration of habitats associated with population growth 
may improve the persistence of Araucaria in the future. 
Keywords:  Biodiversity conservation, Climate change, Ecological niche 
modeling, Model uncertainty. 
 
INTRODUCTION 
Climate change represents a major threat to biodiversity and human well-
being, raising concern across the globe (Pereira et al, 2010; Zwiener et al., 2018). 
Critically Endangered species, which are more exposed to global changes, are 
of particular concern (IUCN, 2021). The emblematic conifer Araucaria 
angustifolia (Bertol.) Kuntze is a CR tree species that plays crucial ecological, 
economic and cultural roles. This species is highly threatened mainly because of 
overexploitation of its valuable timber and land-use changes, which have been 
directly or indirectly linked to timber exploitation (Carlucci et al., 2021). Recent 
studies suggest that climate change may lead to a reduction in the environmental 
suitability for the species within its current distribution range (Castro et al., 2019; 
Marchioro et al., 2020; Wilson et al., 2019; Wrege et al., 2017). For instance, 
Wilson et al. (2019) reports that the species would be restricted to highlands 
representing only 3.5% of its current distribution by 2070. Despite the important 
contribution of these studies to the understanding of distributional patterns of A. 
angustifolia, a comprehensive assessment of the effects of climate change and 
the implications for its conservation are still needed to guide management actions 
and public policies. 
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Araucaria is conifer tree that occurs in the Atlantic Forest. The species 
usually occurs in highlands, between 500 and 2300 m above sea level (Carvalho, 
1994), but it is also found in natural populations at lower elevations in higher 
latitudes (up to 31.5º S), in the Pampa ecoregion (Hueck, 1953; Wrege et al., 
2017). Its growth is affected by humidity, evapotranspiration, soil conditions, and 
competition within and between species (Brandes et al., 2021). This conifer is 
considered a keystone plant resource, because its seeds are an essential food 
resource for the fauna during the winter, when there is scarcity of fruits and seeds 
in the forest (Bogoni et al., 2020). Moreover, it is also a culturally important 
species, especially in southern Brazil, where its highly caloric seeds are widely 
traded and consumed by the human population (Tagliari et al., 2021). For such 
reasons, Araucaria is associated with several city and locality names and even 
celebrated on the state of Paraná coat of arms. The ecoregion characterized by 
the Araucaria – Araucaria Forest – has suffered a reduction of at least 87% of its 
distribution in the past decades due to deforestation (Carlucci et al., 2021; Ribeiro 
et al., 2009). Considering the importance of this species for ecosystem 
functioning and its contributions to people, it is paramount to understand whether 
its geographical distribution will remain suitable in the future in order to guide 
conservation efforts towards its long-term persistence. In this sense, Ecological 
Niche Modeling (ENM) may help unveil how future climate change will impact 
Araucaria’s distribution. 
Protected areas (PAs) are the cornerstone of biodiversity conservation 
worldwide, and they are key for climate change adaptation and mitigation policies 
(Elsen et al., 2020; Mawdsley et al., 2009). PAs play an important role serving as 
stepping stones for species tracking suitable climates, may help buffer the 
27 
 
changes in environmental conditions, and can act as local climate refugia for 
resident species (Belote et al., 2017; Mawdsley et al., 2009). PA locations are 
fixed and, as climate changes, the effectiveness of a PA in maintaining suitable 
conditions for species persistence might be compromised, impairing its efficiency 
in ensuring species persistence in the long term (Hannah et al., 2007; Elsen et 
al., 2020). Therefore, it is paramount to evaluate the role of the PA system in 
safeguarding suitable conditions for threatened species facing climate change, 
as the iconic Araucaria itself. A critical judgement of their effectiveness under 
different climate change scenarios is decisive for guiding management actions 
and public policies (Machado et al., 2020; Zwiener et al., 2017) 
Despite Araucaria’s cultural, economic and ecological importance, not until 
very recently its potential response to climate change has been explored 
(Bergamin et al., 2019; Castro et al., 2019; Marchioro et al., 2020; Wilson et al., 
2019; Wrege et al., 2017), albeit with significant limitations. According to these 
studies, the current potential distribution ranges from 292,983 to 502,769 km², 
depending on variables, algorithms, and model settings. Moreover, estimates of 
climate change effects on Araucaria’s distribution go from potential range 
expansion to absolute extinction, with an overall reduction of PAs effectiveness 
in the future. However, ENM uncertainty has not been assessed and none of the 
previous studies have explicitly considered the accessible areas selected for 
model calibration. Equally varied are the predictor variables used for modeling, 
yet model performance with different combinations of settings and environmental 
predictors have not been compared (but see Marchioro et al., 2020). Another 
potential issue is that occurrences at the edge of the geographical distribution of 
Araucaria were not considered by most studies, e.g. areas in the southern edge 
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in the Pampa, which may bias the niche models and estimates of the future 
species distribution, these limitations likely blur inferences of species current 
distribution and potential response to climate change (Wisz et al., 2008; Peterson 
et al., 2011).  
In this context, our study aimed to: (i) estimate the geographic distribution 
of Araucaria in the present and in future climate scenarios (2050); (ii) assess and 
present spatially explicit visualizations of model uncertainty; (iii) evaluate if PAs 
accommodate the potential distribution of Araucaria in the present and alternative 
future scenarios. We expect that the Araucaria distribution is mostly driven by 
precipitation, soil and topographic factors associated with microclimate. We also 
expect Araucaria to retract its distribution in general but maintain climatic stable 
areas in southern Brazil. Further, we expect that only a small percentage of the 
potential distribution is within PAs and that these areas will become even less 









The occurrence data was obtained from SpeciesLink 
(http://www.splink.org.br/), Brazilian virtual herbarium program REFLORA 
(http://www.herbariovirtualreflora.jbrj.gov.br), and GBIF (https://www.gbif.org/).  
We started with total of 540 occurrence points, and after excluding 
duplicates and the ones that were wrong referenced, in the ocean, in the wrong 
biome, or regions that don’t are pointed by specialists, the results were 294 useful 
points located in Brazil, Argentina and Paraguay. Additionally, we obtained 34 
occurrence points from Ferrer (2019), located at the southernmost area of the 
species’ known distribution, in southern Brazil (state of Rio Grande do Sul). These 
occurrence points add new and important information to the niche model. To 
reduce sampling bias, we used a distance filter (spatial thinning) to exclude 
nearby records according to categories of environmental heterogeneity. After 
data cleaning and thinning processes, we retained a total of 131 records for 
modeling (Appendix A). For independent evaluation of models, we obtained 
occurrences from forest inventories (Appendix B) across the Atlantic Forest. 
Despite sharing similar sampling biases, the spatial distribution of herbarium 
records and forest inventories are weakly correlated (Zwiener et al., 2021). 
 
Environmental variables 
Bioclimatic layers were obtained from WorldClim v2.1 
(https://worldclim.org/; Fick and Hijmans, 2017) for present and future scenarios 
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(2050 CMIP6), considering two Shared Socioeconomic Pathways (SSPs) 
scenarios, SSP2-4.5 and SSP5-8.5, and four Global Circulation Models (GCMs): 
BCC-CSM2-MR, CanESM5, CNRM-ESM2-1, MIROC-ES2L. (See Appendix C 
for GCM selection criteria). The SSPs represents five different ways that the word 
will deal with the mitigation of climate change, with multiple baselines underlying 
factors, such as population, technology, economic growth, that could lead to very 
different future emissions and warming outcomes. We selected 2 different 
scenarios, SSP2-4.5 as a realistic scenario, with medium challenges to mitigation 
and adaptation, and SSP5-8.5 as a pessimistic, with the highest carbon emission, 
and without an action in climatic mitigations.  
We also obtained raster layers of soil bulk density (bulk), weight 
percentage of sand particles (sand) and weight percentage of clay (clay) from 
SoilGrid (https://soilgrids.org). In addition, we generated an Aspect Index and a 
Topographic Wetness Index (TWI) from GTOPO 30, a global digital elevation 
model (DEM) with a horizontal grid spacing of 30 arc seconds (approximately 1 
kilometer) (USGS). These variables were generated based on a digital elevation 
model in the SAGA GIS software (http://www.saga-gis.org/).  After variable 
selection (Appendix D) we kept bio 1 (Annual Mean Temperature), bio 3 
(Isothermality), bio 7 (Temperature Annual Range), bio 10 (Mean Temperature 
of Warmest Quarter), bio 12 (Annual Precipitation), bio 13 (Precipitation of 
Wettest Month), bio 17 (Precipitation of Driest Quarter), bulk, sand and TWI. All 
layers had their scales adjust to 2.5 arc-minutes resolution, by the resample tool 





Ecological niche modeling 
The explicit consideration of accessible areas (M; Soberón and Peterson, 
2005) is fundamental for the calibration of ecological niche models and their 
projections (Merow et al., 2013). This consideration allows for better estimations 
of potential areas of distribution of a species (Soberón, 2010). Here, we 
implemented a novel simulation approach to estimate M, which considers 
changing scenarios of environmental suitability, along with dispersal and 
colonization events and potential biogeographical barriers (Machado-Stredel et 
al. in review). We generated multiple simulations with different settings and 
environmental variables and all of them have good results on the validation 
simulation with fossil pollen records of Araucaria (Appendix E). 
The objectives and data characteristics should guide the choice of 
algorithms, we opted to use Maxent (3.4.1) since, accordingly with studies, has 
the best performance in models without absence points (Qiao et al., 2015). 
Implemented in the kuenm package (Cobos et al., 2019a). Given distinct 
parameter settings, we tested candidate models resulting from all combinations 
of three feature classes (linear, quadratic and product), six regularization 
multipliers (0.1, 0.25, 0.5, 1, 2, 4), and 638 sets of environmental variables (in 
groups of 3 to 5 of the variables previously selected). Maxent allows fitting 
complex responses to environmental variation, we opted for a more conservative 
approach by selecting feature classes that are supported by ecological theory 
and are less prone to overfitting  (Merow et al., 2013).  
The models were trained with a set of 70% of randomly partitioned 
occurrences. The remaining 30% of the data was used to evaluate and select 
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models based on the following criteria: (i) statistical significance with partial ROC 
test (Peterson et al., 2008); (ii) omission rate (admitting E = 5% omission “error”); 
(iii) and the Akaike information criterion (AICc). For the background, 10050 points 
were used, and we choose to use the model created from free extrapolation. After 
selecting the model that met the significance and omission rate criteria, with the 
lowest AICc value, we generated a final model with the selected parameters, all 
occurrences, five Maxent bootstrap replicates, and projections to all future 
scenarios. This final model was evaluated with the independent dataset using the 
criteria of statistical significance and omission rates with a 5% threshold. 
Continuous values of suitability were transformed into binary (1=suitable 
and 0=unsuitable) based on a corrected minimum presence value, assuming an 
omission error level of 5% (COBOS et al., 2019). The models and analyzes were 
developed in the computational environment R 4.0.3 (R Core Team 2018). 
Spatial restriction and model uncertainty 
We opted to constrain the projections of the final model based on the 
observation that some sites predicted suitable were distant from localities where 
Araucaria has been detected. To deal with the ENM potential overprediction, we 
used a posteriori presences-based restriction (PRES) to spatially delimit the 
current Araucaria distribution (Mendes et al., 2020). The PRES restriction was 
performed using the package MSDM (Mendes et al., 2020). To evaluate the 
impact of climate change on the Araucaria future distribution, we assumed a 
scenario of no dispersal, that is, the future projected distribution is spatially 
constrained to the current distribution range. 
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We assessed variability in the final models by quantifying and mapping the 
variance coming from Maxent replicates, SSPs, and GCMs (Cobos et al., 2019b). 
To assess risks of extrapolation derived from the presence of environmental 
conditions in future scenarios that are non-analogous to current conditions, we 
performed mobility-oriented parity analyses with 5% percentage of values 
sampled from the calibration region to calculate the MOP (MOP; Owens et al., 
2013). All these analyses were performed using the package kuenm. 
Additionally, we tested whether environmental suitability changes 
significantly across scenarios in the localities where the species has been 
detected. For each occurrence record, we extracted the suitability value of the 
Maxent logistic output for the present and future scenarios. A one-way analysis 
of variance (ANOVA) with permutation tests was used to compare suitability 
among scenarios. Pairwise differences were assessed using the Fisher's Least 
Significant Difference test (LSD) with Bonferroni's correction (p<0.05). The 
ANOVA with permutation test and LSD analyses were performed with the 
packages lmPerm (Wheeler and Torchiano, 2016) and agricolae (Mendiburu, 
2017), respectively. 
 
Habitat remnants and protected areas 
We used spatially explicit data on areas identified as urban, cropland, 
pasture, native forest and grasslands for 2019 obtained from MapBiomas 
(https://mapbiomas.org/; Souza et al., 2020). With this layer, we identified and 
quantified areas of the different land uses within the areas of potential distribution 
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for the species. The spatial layer of protected areas was obtained from the World 
Conservation Monitoring Center (UNEP-WCMC) and IUCN (2020) database. 
 
RESULTS 
A total of 11,484 candidate models were generated and compared, with 
one model meeting the criteria of significance, prediction and parsimony. The 
selected model was ranked sixth lowest AICc, however it was the single model 
reaching an omission error smaller than 0.05. The model was fit with 
regularization multiplier 0.1, linear and quadratic feature classes and the 
variables bio 3, bio 7, bio 12, bulk, TWI. Model averaging indicated bulk, bio 7 
and bio 13 as the overall three most important variables across all models, two 
out of which were included in the final model. The validation of the final model 
with independent data corroborated the statistical significance and resulted in an 
omission rate of zero (Appendix E). 
The potential geographic distribution of Araucaria covered an area of 489.8 
x10³ km², distributed in the south and southeast of Brazil, and scattered in small 
portions in Argentina and Paraguay near the border with Brazil. This potential 
distribution has been, however, restricted by habitat reduction. Nearly 45% of the 
total estimated distribution area contain remnants of native forests, and 2% of 
native grasslands, which together account for 47% of remaining natural habitat 
where populations of Araucaria are projected to occur (Table 1 and Figure 1). 
In both future scenarios (SSP2-4.5 and SSP5-8.5), our projections 
revealed a significant reduction of the potential distribution of Araucaria by 2050, 
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based on the consensus of GCMs. Overall, climate change may contribute 
similarly (45-56%) to the reduction of distribution, when compared to the impacts 
of land-use change to the current distribution (53%). Both drivers of global 
changes restricted potential suitable sites to only 34% under scenario SSP2-4.5 
and 28% under SSP5-8.5 (Table 1). Area reductions are predicted mostly in 
western and northern portion of the current distribution. Regarding Araucaria 
conservation, 16% of the current potential distribution fall within PAs, and only 
11% contain remnants of natural vegetation. However, PAs with remaining 
habitat covered merely 5% of the potential distribution under scenario SSP2-4.5 
and 4% under SSP5-8.5 (Figure 1). 
Among the sources of ENM uncertainty assessed here, variance from 
GCMs represented the largest source, followed by replicates and emission 
scenarios (Figure 2). The uncertainty was not evenly distributed across the 
region, with GCM variance mostly concentrated at the limits of distribution near 
the coast, and northeastern and western sites. Projections to the different GCMs 
showed reduction of Araucaria’s distribution under scenario SSP2-4.5 and more 
intensively under scenario SSP5-8.5 in 2050. The areas that represent 
extrapolation risk in future projections do not affect where the model indicates the 
presence of the species (appendix F). 
Overall, the environmental suitability at the localities of remaining 
Araucaria populations, represented by occurrence points, significantly reduced in 
future scenarios (ANOVA, p < 0.05). On average, the reduction was higher in 
scenario SSP5-8.5 than SSP2-4.5, however, the variation was highly variable 





Our results show that Araucaria may respond to climate change with a 
reduction of 45% to 56% in its potential distribution. If considered the distribution 
within the remaining habitat (47%), the reduction is estimated to 27-40%, which 
suggests that some sites deemed unsuitable in the future are in already impacted 
and deforested landscapes. Further, we show that projections of Araucaria 
distribution in the future are variable and dependent on GCMs and scenarios 
under consideration (Appendix G). PAs cover a small proportion of Araucaria’s 
potential distribution and may become even less effective in the future, 
highlighting the need for protection and restoration actions to safeguard such an 
important species. 
The geographic distribution of Araucaria has been the focus of recent 
studies assessing its response to future climate change and evaluating the 
effectiveness of PAs (Castro et al., 2019; Marchioro et al., 2020; Wilson et al., 
2019). To obtain precise estimates within the ENM framework, it is essential to 
understand the ecological factors and species’ characteristics that drive 
geographic distributions (Peterson et al., 2011). We opted for an exploratory 
approach by including as predictor variables known climatic factors that influence 
the distribution of Araucaria and modulate its growth, such as annual precipitation 
and temperature variation (Brandes et al., 2021) and other variables that had not 
been previously assessed, but may also have an important role, for instance, soil 
bulk density. In fact, Araucaria performs better in soils rich in organic matter, 
nutrients, and biological activity, which make the soil denser (Hoogh and Dietrich, 
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1979). Additionally, we found evidence for effects of microclimate linked to 
topography and water accumulation in the landscape, which are important factors 
also suggested by Wilson et al. (2019). Thus, modeling the ecological niche of 
Araucaria based solely on climatic variables is likely to generate inaccurate 
estimates, which may be aggravated if potential distributions are projected to 
future scenarios (Coudun et al., 2006) 
In addition to environmental factors, human activity has also influenced the 
geographic distribution of Araucaria, leading to range expansion and contraction 
(Behling et al., 2002; Brandes et al., 2021; Lauterjung et al., 2018). Groups of 
pre-Columbian humans played an important role dispersing the seeds of 
Araucaria, potentially increasing its area of distribution in the past (Lauterjung et 
al., 2018; Robinson et al., 2018). However, in the 20th century, due to the 
intensive timber extraction, overexploitation of seeds and land-use changes, 
populations of Araucaria have been drastically reduced, leading the species to 
the status of Critically Endangered (Carlucci et al., 2021). Despite being an 
Endangered species, in which cutting is prohibited by law  loggins by fraudulent 
bidding processes still occur, particularly in the Brazilian states of Santa Catarina 
and Paraná (Brandes et al., 2020). Contractions are predicted mostly in the 
northern and western portion of the distribution, however, with significant 
variation across scenarios and climate projections. Our predictions differ from 
those obtained by Wilson et al. (2019) demonstrating a less drastic scenario and 
shed light into the potential variability of future projections. Most importantly, we 
highlight the negative effects of anthropogenic impacts such as land-use and 
climate change that may act in synergy and further imperil remaining Araucaria 
populations in the near future. 
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In this scenario PAs and forest management strategies are central in 
providing conditions for the species reproduction and survival. There are few PAs 
that guarantee the protection of the Araucaria Forest, only 334 (SSP2-4.5) - 245 
(SSP5-8.5) according to our projections, and our models show that more than 52-
74% of Araucaria’s potential distribution may no longer be within current PAs by 
2050. Therefore, new protection measures must be considered. A first step to be 
taken is to protect large climatically-stable remnants not covered yet by PAs. 
Moreover, our results demonstrate that large tracts of areas with grassland will 
remain stable in future projections. Therefore, the historical expansion of 
Araucaria Forests over grasslands (Behling et al., 2002) could continue 
depending on local management (see Oliveira and Pillar 2004; Sühs et al., 2018). 
Besides the creation of public PAs, voluntary strategies of conservation in private 
lands (Kamal et al., 2015), as the creation of private PAs and the Payment for 
Environmental Services, should be encouraged to stimulate landowners to 
protect Araucaria and the associated ecosystems beyond legal obligation. In 
degraded lands, restoration actions could increase connectivity, guarantee 
genetic flow, and promote greater chances of survival for populations of Araucaria 
(Stefenon et al., 2007) in future climatic scenarios. Coordinated actions involving 
protection and restoration of habitats associated with population growth may 
improve the persistence of Araucaria in the future. 
Our results were based on important factors that influence ENM output that 
were not previously considered: particularly, the inclusion of occurrences across 
the entire geographical range of the species, estimation of accessible areas, 
selection and comparison of multiple variables and model settings. We show that 
climate change represents a major threat to Araucaria, however, such estimates 
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are variable and dependent on scenarios and climate projections. In line with 
previous studies, we stress that the current PAs network is insufficient to 
safeguard Araucaria in face of climate change and urgent actions need to be 
implemented for its long-term persistence.   
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Table 1 Potential distribution of Araucaria angustifolia, in Km2 (x10³) and within remaining 
habitat and protected areas (PAs). Percentages in parentheses are in comparison to the total 
estimated distribution. Estimates are presented for the present and under two different emission 
scenarios (SSP2-4.5 and SSP5-8.5) in 2050. 
 
Potential distribution Present SPP2-4.5 SPP5-8.5 
Total 489.79 (100%) 271.52 (55%) 216.90 (44%) 
Forest remnants 218.59 (45%) 157.15 (32%) 125.57 (26%) 
Grasslands 33.75 (7%) 32.52 (6.6%) 32.12 (6.5%) 
Grasslands + Forest 
remnants 230.65 (47%) 169.20 (34%) 137.62 (28%) 
PAs 76.77 (16%) 36.58 (7%) 20.34 (4%) 
Grasslands + Forest 














Figure 1. Potential distribution of Araucaria angustifolia within remnant habitat (forest and 
grasslands) and in protected areas. The estimates are shown in the present (A), under future 
scenarios SSP2-4.5 (B), and SSP5-8.5 (C) for 2050. Future distributions are represented by the 
consensus of projections on four Global Circulation Models. Note that the remaining habitat is 









Figure 2. Geographical visualization of model sources of variance: (A) replicates; (B) emission 
scenarios (SSP2-4.5 and SSP5-8.5); (C) Global Circulation Models (BCC-CSM2-MR, CanESM5, 
CNRM-ESM2-1, MIROC-ES2L). The higher the value, more are the difference between the 














Figure 3. Variation of environmental suitability at the occurrence localities and across scenarios 
and GCMs. GCMs projections to scenario SSP5-8.5 have the suffix ‘_858’, whereas projections 
to scenario SSP2-4.5 are marked by ‘_245’. Significant pairwise comparisons are represented 















APPENDIX A. OCCURRENCE POINTS, DATA CLEANING AND THINNING 
We obtained 540 occurrence points from SpeciesLink (http://www.splink.org.br/), 
Brazilian virtual herbarium program REFLORA 
(http://www.herbariovirtualreflora.jbrj.gov.br) and GBIF (https://www.gbif.org/). 
After initial steps of data cleaning (excluding duplicates, records that lacked 
coordinate precision, and georeferencing errors, opting for coordinates with more 
than 2 decimal number), we ended up with 328 useful points. Additionally, we 
obtained 34 occurrence points from Ferrer (2019), totaling 362 records. 
Occurrence data is frequently obtained unsystematically, thus, many factors, 
such as detectability and proximity to human infrastructures, may lead to spatial 
variation in the presence and intensity of sampling (Varela et al., 2014; Zwiener 
et al., 2021). Based on the environmental variables used to calibrate our models, 
we obtained a layer of heterogeneity using an algorithm implemented in 
SDMToolBox 2.0 (Brown et al., 2017). We classified this heterogeneity layer into 
three categories of decreasing heterogeneity, then the distances of 10km, 20km 
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APPENDIX C - SELECTION OF GLOBAL CIRCULATION MODELS (GCMS) 
AND ENVIRONMENTAL VARIABLES 
To choose the GCMs for future projections in 2050, we aimed at the most 
dissimilar models to capture the climatic variation predicted for the region under 
the scenario SSP5-8.5. First, we selected 100 random points within the study 
region and extracted the climatic information from the 19 bioclimatic variables 
and all 9 GCMs available at the WordClim database. Then, we performed non-
metric multidimensional scaling (NMDS) ordination, based on Euclidean distance 
to reduce the climatic variation to two dimensions. Finally, we plotted the NMDS 
ordination and drew a minimal polygon around the points, and an ellipse to 
represent the centroid of the points per group. We selected the GCMs that stood 






Figure 1. Appendix b. Two-dimensional plot of a non-metric multidimensional 





APPENDIX D – SELECTION OF VARIABLES 
 
We obtained bioclimatic layers from WorldClim v2.1 (https://worldclim.org/; Fick 
and Hijmans, 2017) and physical properties of soils from SoilGrid 
(https://soilgrids.org). In addition, we generated an Aspect Index and a 
Topographic Wetness Index (TWI) based on a digital elevation model in the 
SAGA GIS software (http://www.saga-gis.org/). Respectively, they indicate the 
directions the physical slopes face and the spatial soil moisture patterns. Both 
indices are commonly used to indicate microclimate conditions that can affect 
species distribution and vegetation patterns (Sørensen et al., 2006). All layers 
were at 2.5 arc-minutes resolution. To select variables for the niche modeling, we 
performed a Principal Component analysis (PCA) using the full set of variables 
from the current scenario to visually inspect the biplot and selected variables that 
were less correlated. We then performed a stepwise correlation analysis to detect 
pairs of variables with coefficient |r| ≥ 0.7 and exclude the correlated variable with 
the greater variance inflation factor, using the function ‘vifcor’ from the usdm 




Figure 1. Appendix c. PCA plot from first process of variable selection. 19 




APPENDIX E – SIMULATION TO DEFINE ACCESSIBLE AREA  
 
Soberón and Peterson (2005) summarized the main factors that determine 
species’ distribution into three components, the so-called BAM diagram: (B) biotic 
interactions and variables linked to resources; (A) abiotic or environmental 
factors; and (M) for movement or dispersal, representing the regions that have 
been accessible to the species. Species distribution is manifested in the 
intersection of these three components. We have estimated areas accessible to 
Araucaria angustifolia (“M”) by applying a simulation process that considers 
habitat suitability, dispersal and colonization of individuals across the landscape 
over multiple cycles projected to Mid Holocene (MH) and Last Glacial Maximum 
(LGM) climates. We tested configurations of model parameters, environmental 
variables and occurrences points to reach a final configuration. The final 
accessible area was validated with palynological data (fossil pollen records) from 
the MH and LGM (Table appendix 1) available from Bergamin et al. (2019). We 
also constrained the final accessible area where the Pantanal ecoregion is 
currently distributed, assuming that it represents an important barrier that kept 
Araucaria from ever reaching and dispersing across the Andes despite the 
suitable conditions (Figure 3). 
 
Palynological data from the mid holocene (mh) and last glacial maximum 
(lgm) used for validating estimation of accessible areas. 
LGM MH 
longitude latitude longitude latitude 
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-50.1011 -29.0525 -50.1011 -29.0525 
-55.2172 -29.5867 -55.2172 -29.5867 
-45.5333 -22.7867 -45.5333 -22.7833 
-44.5567 -22.7417 -44.5667 -22.7139 
-48.6333 -26.0667 -42.2167 -17.95 
-48.8814 -27.8967 -48.6333 -26.0667 
-46.65 -23.9333 -45.9667 -23.2833 
-50.6217 -29.493 -48.8681 -27.8967 
-43.3667 -20.0833 -50.5489 -29.7458 
    -50.5728 -29.4764 




Figure 1. appendix C. A) no filter + climate set 1 (bio1, 5, 12, 13, 14); b) filter 1 ( 
+ climate set 1; c) clipped version of figure b assuming pantanal as a barrier; d) 
filter 2 + climate set 1; e) filter 1 + climate set 2 (bio 7, 9, 12, 17, 18); f) filter 1 + 
climate set 2 + soil (bulk density, weight % of sand, topographic wetness index). 




APPENDIX E - MODEL COMPARISON AND SELECTION 
Performance of the 10 best models for Araucaria angustifolia selected based 
on statistical significance estimated via partial ROC (ROCP), prediction ability 
(Omission Rate at 5%) and model complexity (AICc). (FC) represents the 
combination of feature classes (“l” linear, “q” quadratic, “p” product). The final 
model selected based on the above criteria is marked with an asterisk (*). 






Model 1 lq <0.001 0.051 bio 7, 13, 17, 
bulk, TWI 
0 0.219 
Model 2 lq <0.001 0.077 bio 7, 12, 13, 
17, bulk 
2.03 0.080 
Model 3 lq <0.001 0.077 bio 17, 12, 13, 
17, bulk, TWI 
2.85 0.053 





lq <0.001 0.026 bio 3, 7, 12, 
bulk, TWI 
3.40 0.039 
Model 6 lq <0.001 0.051 bio 7, 13, 17, 
bulk, TWI 
3.50 0.037 
Model 7 lq <0.001 0.077 bio 7, 12, 13, 
17, bulk, TWI 
3.51 0.038 
Model 8 lq <0.001 0.077 bio 7, 12, 13, 
bulk, TWI 
3.80 0.038 





lq <0.001 0.051 bio 7, 13, 17, 
bulk 
4.50 0.025 
Variable importance: bio 3=0.24; bio 7=0.89; bio 12=0.55; bio 13= 0.85; bio 
17=0.77; bulk=1.00; sand=0.19; TWI=0.72 
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Omission rate 5% indicates the proportion of test localities that falls into pixels 
not predicted as suitable for the species, discarding 5% of test localities at the 
lowest suitability (Phillips et al., 2006). The lowest values indicate good 
performance. 
Variable importance is presented as the sum of Akaike weights (W AICc) 
across models with a given variable. bio 3: Isothermality; bio 7: Temperature 
Annual Range; bio 12: Annual Precipitation; bio 13: Precipitation of Wettest 
Month; bulk: soil bulk density; sand: weight percentage of sand particles in the 















APPENDIX F – MOP ANALYSES 
 
 
Figure 1. appendix G. Extrapolation risk of model output in future projections in 
two different scenarios (MOP results). 
70 
 
APPENDIX G – POTENTIAL DISTRIBUTION 
 
 
Figure 1. appendix G: Potential distribution loss of Araucaria angustifolia in 2050 
compared to present under scenarios SSP2-4.5 (A) and SSP5-8.5 (B). Numbers 
-1 to -4 indicate suitability loss: (-4) four GCMs; (-3) three GCMs; (-2) two GCMs; 





CONCLUSÕES E RECOMENDAÇÕES 
 
Deve-se observar que, comparado a artigos relacionados à modelagem 
da Araucária, nossos resultados se distanciam de estudos que preveem a 
extinção da espécie nos próximos. Contudo, chegam a conclusões semelhantes 
quanto a retração da espécie para a região sul para áreas de campo. Os pontos 
de Ocorrência de Araucárias no Sul do Rio Grande do Sul ajudam o modelo a 
identificar áreas de ocorrência nessa região e adicionam novas informações 
ambientais para a distribuição da espécie. O modelo também apontou que, 
quanto a necessidade da preservação da Araucaria, ainda há muito a ser 
planejado, e vista que, no futuro muitas AP deixarão de atender a sua área de 
distribuição. Além disso, a espécie também possui área de distribuição que, no 
futuro, não possui remanescentes florestais, com isso conclui-se que além da 
preservação, que ainda há a possibilidade da realização de muitos trabalhos de 
restauração e reflorestamento.  
Este estudo tinha como objetivo a modelagem de uma espécie icônica de 
grande importância ecológica e cultural, através de metodologias que não foram 
realizadas anteriormente, como a utilização de um pacote recente, o uso de uma 
área de estudo modelada baseada em princípios biológicos, a utilização de 
novos cenários (SSP) do Wordclim, e seus novos GCMs (atualizados em 13 de 
março de 2020), e por final discutimos o tópico das incertezas do modelo, 
temática que é ainda pouco explorada no estudo da Modelagem de Nicho 
Ecológica. 
Além disso, obtivemos pela utilização de variáveis ambientais, além das 
climáticas, como de solo, e topográficas, e estas se provaram ter alto valor de 
significância para a criação de um modelo mais robusto quando se trata do 
estudo da Araucaria angustifolia. Somado a isso, avaliação dos modelos que 
levam em consideração omission rate, partial ROC e model complexety tem alto 
grau de confiabilidade. Os baixos graus de incerteza dentro da área de previsão 
do modelo, corroboram com essa afirmação.  
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Idealmente, para se melhor concluir o tema, outras metodologias 
deveriam ser redigidas e comparadas, especialmente às que se referem ao uso 
de diferentes algoritmos, e comparações e médias entre seus resultados. Deve-
se reforçar também a importância de, em estudo futuros, considerar com maior 
profundidade fatores bióticos ainda não analisados.  
